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ABSTRACT 

The discovery of millisecond pulsars switching between states powered either by the rotation of their mag¬ 
netic field or by the accretion of matter, has recently proved the tight link shared by millisecond radio pulsars 
and neutron stars in low-mass X-ray binaries. Transitional millisecond pulsars also show an enigmatic interme¬ 
diate state in which the neutron star is surrounded by an accretion disk, it emits coherent X-ray pulsations, but 
is sub-luminous in X-rays with respect to accreting neutron stars, and is brighter in gamma-rays than millisec¬ 
ond pulsars in the rotation-powered state. Here, we model the X-ray and gamma-ray emission observed from 
PSR J1023H-0038 in such a state based on the assumption that most of the disk in-flow is propelled away by 
the rapidly rotating neutron star magnetosphere, and that electrons can be accelerated to energies of a few GeV 
at the turbulent disk-magnetosphere boundary. We show that the synchrotron and self-synchrotron Compton 
emission coming from such a region, together with the hard disk emission typical of low states of accreting 
compact objects, is able to explain the radiation observed in the X-ray and gamma-ray band. The average 
emission observed from PSR J1023H-0038 is modelled by a disk in-flow with a rate of 1-3 x 10“^^ Mq yr“^, 
truncated at a radius ranging between 30 and 45 km, compatible with the hypothesis of a propelling magne¬ 
tosphere. We compare the results we obtained with models that rather assume that a rotation-powered pulsar 
is turned on, showing how the spin down power released in similar scenarios is hardly able to account for the 
magnitude of the observed emission. 

Subject headings: accretion, accretion disks - magnetic fields - gamma rays: stars - pulsars: individual (PSR 
J1023H-0038) 


1. INTRODUCTION 

Millisecond pulsars are neutron stars (NS) that attained 
their quick rotation during a Gyr-long phase of accretion 
of matter transferred from a companion star, in a low- 
mass X-ray binary (LMXB: iBis novatvi-Kogan & Komberg] 
1974yAl£a£etay_ 19821 Radhakrishnan & Srinivasanlll982l 


Wiinands & van der KlisI Il998h . At the end of such X-ray 

bright phase, a pulsar powered by the rotation of its mag¬ 
netic field turns on, driving pulsed emission from the radio 
to the gamma-ray energy band. The recent discovery of IGR 
J18245-2452, a pulsar observed to swing between accretion- 
(X-ray) and a rotation-powered (radio) pulsar regimes, proved 
the tight evo lutionary link existi ng between these two classes 
of systems (iPapitto et al.ll201^ . IGR 118245-2452 turned 
on in March 2013 as an X-ray bright {Lx ^ 10^® erg 
s“^), accreting ms pulsar in the globular cluster M28; cross- 
referencing with catalogues of radio pulsars it was realised 
that the source behaved as a rotation powered radio pulsar a 
few years before. A few days after the end of the two-weeks 
long X-ray outburst, the source reactivated as a radio pulsar. 
Variations of the mass in-flow rate towards the NS are able 
to drive such state transitions. During the rotation-powered 
regime, the pressure of the pulsar ejects the matter transferred 
from the companion star, causing irregular eclipses of the ra¬ 
dio pulsed emission. Occasionally, the pressure of the matter 
transferred from the companion overcomes the pulsar pres¬ 
sure, and yields the formation of an accretion disk around the 
NS. 

The state transitions observed from two more pulsars. 
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PSR J1023-H0038 (lArchibald et al.ll2009UPatruno et akllMl 
Stappers et aP 12014 md X S S 11227(1-4859 (iBassaetalJ 
2014t iBogdanov et^ l2014at iRov et all 120151) . as well as 
in archival observations o f IGR J18245-2452 (IPapitto et alJ 
120131: iPallanca et alJl201^ iLinares et al.ll2014l) . showed that 
the presence of an accretion disk does not necessarily im¬ 
ply the onset of a bright X-ray outburst. These three transi¬ 
tional ms pulsars showed an intermediate regime, which we 
dub sub-luminous disk state, whose main features are 


• the presence of an accretion disk, as indicated 
by Ha broad, sometimes double peake d emission 
lines o bserved in the optica l spectrum (IWang et alJ 
2009L_lPallancae^^ 120131 : iHalpern et al.l 120131 : 


de Martino et alJl2014 ): 


• an average X-ray luminosity ranging from 10^^ to 10^"^ 
erg s“^, intermediate between the level observed at 
the peak of X-ray outbursts (10^® erg s“^) and during 
the rotation powered emission (< 10^^ erg s“^); the 
X-ray emission is variable on time-scales of few tens 
of seconds and has a spectrum described by a power- 
law with index E ~ 1.5 and no cut-off below 100 
keV (ISaitou et alJl20()^ IDe Martino et aPIMfll M&l 

Papitto et alJ 120131: ILinares et akl 12014 iPatruno et^ 

2014 iTendulkar et al.ll20l4 . IGR J18245-2452 is the 
only transitional ms pulsar that has been observed also 
into an X-ray bright {Lx ^ 10^® erg s“^) outburst, so 
far. 


• presence of accretion-driven X-ray coherent pulsations 
at an rms amplitude between 5 and 10 per cent, that 
were detected from the two sources that were observed 
at a temporal resolution high enough during the sub- 
luminous disk state, PSR J1023-I-0038 (lArchibald et al.1 
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Iml and XSS J12270-4859 (iPanitto et al.llMsh . A 
search for radio pulsations was conducted in the case of 
PSR J1023+0038, but none was detected with an upper 
limit on the pulsed flux one order of m agnitude lower 
than during the rotation pow ered state (IStappers et al.l 
ImilB^danov et al.ll2014bh : 

• correlated variability of the X-ray an d UV emission on 
times cales of hundreds of seconds (iDe Martino et alJ 
l2()T3h : 

• a 0.1-10 GeV gamma-ray luminosity of Ri 10^^ erg 
s“^ detected from the two transitional millisecond pul¬ 


sars of the Galactic field, PSR J1023 h- 0038 and XSS 
J12270-485SQ up to ten times brighter with respect to 
the level observed during the rotation p owered state 


(IDe Martino et al.l 1201 OllHil et al. 

1201 ll Papitto, Tor- 

res & Li 2014.IStappers et al 12014 

JTakata et al.ll2014h 


Candidate transitional ms pulsars have been also re¬ 
cently proposed to explain the otherwis e unidentified 
gamm a-ray sources IFGL J0523 .5-2529 (iStra der et al 
20a . and 3FGL J1544.6-1125 (iBogdanov & Halnerr 
2015h . Transitional pulsars are the only low-mass X-ray 
binaries from which a gamma-ray e missio n has been 
detected so far by Fermi/LAT (see Sec. l5.2l for a discus¬ 
sion of possible selection effects). 

• a bright, flat-spectrum radio emission indicative of par¬ 
tially absorbed synchrotron emission; transitional ms 
pulsars in this state are 1-2 orders of magnitude brighter 
at radio frequencies with respect to the extrapolation 
of the radio /X-ray correlation observed from X-ray 
brighter NS (iDelleret al.ll20l4 . 


X-ray flaring around a luminosity of about erg 

s“^, lasting from a few days to a few months, has been re- 
ported also for a number of LMXB hosting a NS (Aql X-1, 


Campana & Stellall2003l:lCackett et a 

|2011l:lCotiZelati et all 

2014; Cen X-4. iRutledge et alJl2001 

; iBernardini et alJl2013l: 

EXO 1745-248, 

Degenaar & Wiinandsll2012l; SAX .11750.8- 

2900. iWiinands & Deffenaaiil2013t 

XMM J174457-2850.3, 


intermediate between outburst and quiescence is realized also 
in sources that did not show signs of a magnetosphere so farQ 
Flowever, the presence of a sp ectral cut-off at about 10 keV 
in the spectrum of Cen X-4 (IChakrabartv et al] 120141) and 
the lack of a detection at gamma-ray energies indicate that 
in some of these systems different radiation processes might 
be at work with respect to transitional ms pulsars in the sub- 
luminous disk state. 

The observation of coherent X-ray pulsations from PSR 
J1023H-0038 and XSS J12270-4859 during the disk state is 
most easily explained in terms of channelling of at least 
part of the disk mass in-flow onto the m agnetic poles (see 
lArchibald et al.llT014l : lPapitto et al.ll2015L and Sec. |5] below). 
For this to happen the disk should penetrate into the light 
cylinder of the pulsar, ruling out the the possibility that a rota¬ 
tion powered pulsar is turned on. However, the exact nature of 
the energy reservoir that powers the emission of transitional 


^ Gamma-ray emission from the globular cluster hosting IGR J18245- 
2452, M28, has been detected by Fermi/LAT, but source confusion does not 
allow to pinpoint its origin in the cluster. 

^ Aql X-1 show ed accretion-power ed coherent pulsations only during a 
brief 150 s interval. ICasella et al J2008I . 


ms pulsars in the sub-luminous disk state is still uncertain, as 
well as the mechanism that accelerate charges to relativistic 
energies and yield the observed gamma-ray emissio n. Papitto, 
Torre s & Li (2014, P14 in the following, see also iBednarekI 
l2009h . proposed that a ms pulsar that prevents most of the 
mass in-flow from accreting onto the NS surface due to its 
rapid rotation (i.e., the propeller effect. HUarionov & Sunvae^ 
119751) . could accelerate electrons at the boundary between 
the disk and the propelling magnetosphere. If so happens, 
P14 showed that the synchrotron emission yield by the in¬ 
teraction of electrons with the held lines at the magneto- 
spheric boundary makes a significant contribution to the X- 
ray observed emission, and that gamma-rays are produced by 
Compton up-scattering of the synchrotron photons. Here, we 
apply this model to explain the X-ray/gamma-ray emission 
observed from PSR J1023H-0038 after it s state transition to 
the sub-luminous dis k state in June 2013 (iPatruno et al.ll201^ 
IStappers et al.ll20i4l) . taking explicitely into account the de¬ 
tection of coherent pulsations in the X-ray light curve. PSR 
J1023H-0038 is particularly suited for the study of the sub- 
luminous disk state, as parameters such as distance, spin pe¬ 
riod and magnetic dipole moments are known with a high ac¬ 
curacy. 

2. PSRJ1023+0038 

PSR J1023H-0038 was discovered in 2007 as a 1.7 ms ra- 
dio pulsar in a 4.8 hr o rbit around a 0.2 Mq companion star 
(lArchibald et al.ll2009h . Observation of double peaked emis¬ 
sion lines in its optical spec trum indicated tha t in 2001 it 
likely had an accretion disk (IWang et al.l l2009h . suggesting 
that a state transition must have occurred between then and 
2007. The upper limit on the X-ray luminosity when a disk 
was present (2.7 x 10^ ^ erg s~^ for a distan ce of 1.37 kpc, 
Deller et al. 2012) led lArchibald et all 120091 to assume that 
mass in-fall was halted before reaching the NS surface by the 
propeller inhibition of accretion. 

During the radio pulsar state PSR J1023H-0038 showed 
a sp in down luminosity of Lgd = 4.4 x 10^^ erg 

s~^ (lArc hibald e t al.l 120131) . Using the relation given by 
ISpitkovskvl (120061) . the magnetic dipole is estimated as p = 
0.79 X 10^® (1 -f sin^ ol)~^ G cm^ , where a is the angle 
betwen the magnetic and spin axis. In the radio pulsar state, 
the X-ray emission is described by a power law with index 
F = 1.17(8) and a 3- 79 keV luminosity of 7.4(4) x 10^^ erg 
s“^ (iTendulkar et al.l 120141: see also IBogdanov et HI 1201 Ih . 
and the gamma-ray emission by a log-parabola with /3 = 
2.49(3) and (3.1-10 0 GeV luminosity of 1.2(2) x 10^3 erg s-^ 
(iNolan et al.ll2012h . The efficiency of spin-down luminosity 
conversion in the considered bands is of 1.7 and 2.7 per cent, 
respectively. 

In June 201 3 the disaparance of radio pulsations at all 
orbital phases (IStappers et al.ll2014h . and the appearance of 
double peaked Ha emission lines in the optical spectrum 
(iHalpern et al.ll2013h marked a transition to an accretion, X- 
ray sub-luminous disk state. The X-ray luminosity increased 
by one order of magni tude with respect to th e level shown in 
the rad io pulsar state (IPatruno et al.l 1201^ . ITendulkar et al.l 
(120141) modelled with a power law with index F = 1.66(6) 
the spectra observed in the disk state by the Swift X-ray Tele¬ 
scope (XRT) and by NuStar in the 0.3-10 keV and 3-79 keV 
energy bands, respectively (the orange strip in Fig. [T]). The 
3-79 keV luminosity was estimated as 5.8(2) x 10^3 erg s“3^ 
which corresponds to a luminosity of 7.3 x 1033 erg s“3 in the 
0.3-79 keV band, i.e. 16.6 per cent of the spin down power. 
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Fig. 1.— Av erage SEP obser ved from PSR J1023+0038 in X-rays (or- 
ange strip, fromITendulkar et alJI20T^ . and gamma-rays (cyan points, from 
ITaSata et alJ2014) . evaluated for a distance of 1.37 kpc. The total SED eval¬ 
uated with our modelling for ^ = 0.15 (i.e., 15 per cent of the advected disk 
energy available to power the propeller emission), /3 = 0 (anelastic propeller 
collision), fcey = 0.99 (i.e., 99 per cent of disk mass ejected), and at* = 2.5 
is plotted as a black solid line. Synchrotron, SSC, and accretion flow (i.e. the 
sum of disk and NS emission) components are plotted as red, blue and green 
lines, respectively. 

During the sub-lumi nous disk state, three flux modes are 
observ ed both in soft (iPatruno e t al.l 120 141: iBogdanov et all 
12014bl) and in hard X-ravs (iTendulkar et al.l2014ft . On the one 
hand, a low and a high state characterized by a flux change 
of one order of magnitude. On the other hand, the source 
occasionally presents an even brighter flaring state. Coher¬ 
ent pulsations were detected at an rms amplitude of ~ 6% 
when the source is in the high s tate, in which it spends 70% of 
the time (I Archibald et al.l2()14^ . PSR J1023-I-0038 brightened 
also in gamma-rays, attaining a 0.1-100 GeV luminosity of 
(9.6 ± 1.3) X 10^^ erg s~ ^, i.e. 22 per cent of the spin down 
power (iTakata et al .112014) . The avergage Fermi LAT spec¬ 
trum is described by a power law with index 1.8(2), cut-off 
at an en ergy of 2.3(9) GeV (cyan points in Fig. [T] taken from 
Fig. 2 of ITakata et al.il20T^ . 

3. THE MODEL 

According to the standard theory of disk accretion onto a 
magnetized rotator three regimes are realized depending on 
the radius Rin at w hich the disk is truncated by the rotating 
magnetosphere (see lLipunovlll987l for a review). If Rin is 
larger than the light-cylinder radius, 

Ri, = cP/2tt, (1) 


emission. Accretion onto the NS surface can take place freely 
only if the plasma in the disk rotates faster than the NS mag¬ 
netic field at the inner disk boundaries, i.e. if Rm is smaller 
than the co-rotation radius, 

R^ = ( 2 ) 

where M is the NS mass, and Keplerian rotation is assumed 
for disk plasma. Otherwise, if Ric > Rin > Rc, the accretion 
flow is repulsed by the quickly rotating magnetosphere and 
can be ejected from the system, i.e. the system is as sumed to 
be in the propeller state (llllarionoy & Sunyaeyll 19751) . 

A useful parameterization of the problem is obtained intro¬ 
ducing the dimensionless fastness. 


nxiRm) \ Rc ) 


(3) 


(iGhosh et al.11197'^ where fix is the Keplerian angular fre¬ 
quency and O* is the NS angular frequency. For yalues of 
w* ranging between 1 and 1.26, not enough kinetic energy is 
giyen to plasma to eject it from the system; matter is then 
expected to build-up in the disk, and eyentually oyercome 
the pressure barrie r set by the magneto s phere, leading to a 
burst of accretion (iSpruit & Taamiri993t ID’ Angelo & Spruii 
120101) . Larger yalue s of ranging b etween 1.3 and 2.5 haye 
been considered by iLii et al.l (120141) to perform axisymmet- 
ric magneto-hydrodynamical simulations of accretion onto a 
rapidly rotating magnetized star, driyen by magneto-rotational 
instability. While they also observed cycles between matter 
accumulation at the inner disk boundary and episodes of ac¬ 
cretion onto the star, they found that part of the inflow was 
ejected by the quickly rotating magnetosphere. The fraction 
of the matter actually ejected by the system with respect to 
that accreted was found to increase continuously with w*. 

The determination of an analytical relation for Rin as a 
function of the main physical quantities characterizing such 
systems (such as the disk mass in-flow rate M^, the mag¬ 
netic moment ji, the mass M*, and the spin period P of the 
magnetized rotator), and of the physics of the field-disk in¬ 
teraction, is one of the open problems of the current theoret¬ 
ical investigation in the field (s ee, e.g.. lGhosh & Larnblll979l : 
IWang|IT9^ iBozzo et al.ll200^ . Usually the inner disk radius 
is expressed as a fraction km of the Alfven radius Ra, a scale 
size obtained by equating the in-ward pressure of an assumed 
spherical inflow to the outward pressure of a dipolar magne¬ 
tosphere; 


Rin — kmRA — 


2G1VRM} 


1/7 


(4) 


where P is the spin period of the NS, the pulsar emits a rel¬ 
ativistic wind of particles and magneto-dipole radiation that 
overcomes the gravitational force on the plasma transferred 
from the companion star (the ejector state). As the pulsar 
pressure declines with the distance from the NS less steeply 
than the disk pressure, the emission of a p ulsar in such a state 
is expected to disru pt the entire disk flow (IShvartsmanlll97(A 
iBurderi et al.ll200Th . even if stable solutions implying the sur¬ 
vival of the disk for Rin few have been shown by 
lEksI& AlpaJdlOOl) . 

At a larger mass in-flow rate the in-falling plasma man¬ 
ages to penetrate into the light-cylinder, and suppresses the 
relativistic wind of particles and the rotation-powered pulsed 


Values of km ranging from 0.5 to 1 have been proposed by 
a number of authors depending on the deta ils of the phy sics 
of the disk-magneto sphere in t eractio ns (see lGhoshll2007l and 
references therein). iLii et al.l (120141) found in 3D MHD sim¬ 
ulations of disk accretion around a fast rotator that a yalue of 
km = 0.7 matched the disc truncation radius reproduced by 
their modelling. 

Assuming that the coherent X-ray pulsations obseryed from 
PSR J1023-(-0038 in the disk state were due to accretion of 
matter onto a fraction of the NS surface, we can estimate an 
upper and a lower limit on the mass accretion rate onto the 
NS. The latter. Mats, is constrained assuming either that the 
whole obseryed X-ray luminosity is due to accretion onto the 
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NS, or just that the pulsed luminosity is. Considering that where fl* = 2ttIP is, as before, the NS angular velocity. In a 

Ljr(0.3- 79 keV)=7.3x10^3 erg s-i we then obtain stationary state, mass conservation is expressed by: 


5 X 10"34MQyr-3 


(V2A 

rms) 


LxRns 

GMns 


< Mj\fs < 


LxRns 

GMns 


6 X lO-33M0yr-\ 


(5) 


where Arms — 0.06 is the rms amplitude of X-ray pulsations 
(lArchibald et al.ll2014^ . and we assumed a NS mass of 1.4 
Mq and a radius of 10 km, as throughout the paper, and an 
efficiency of conversion of accretion power into observed X- 
rays of unity . Given a magnetic mo ment of /r = 0.79 x 10^® 
G c m3 lArchibald et al.ll2013L and Sec. |2]i and km = 
0.7 (iLii et alJl20l'4r in order to keep the inner disk radius 
within a few times the corotation radius (23.8 km for PSR 
J1023-H0038. lArchibald et ani2009h . Eq. |4] indicates that the 
disk mass accretion rate must be 


Md ~ 7 X 10-31 Mq yr-3 > 100 x Mns- (6) 


By interpreting X-ray pulsations as due to accretion onto the 
NS magnetic poles, and assuming the the inner disk radius 
can be reproduced by a relation like Eq.|4] it then follows that 
> 99 % of the matter in-flowing in the disk must be ejected 
from the inner disk boundary for mass conservation to hold. 

In P14 we developed a model to interpret the emission of 
millisecond transitional pulsars in the sub-luminous disk state 
assuming that: 


• accretion onto the NS surface is inhibited by the pro¬ 
peller effect (i.e. Ric > Rm > Re)', 

• electrons are accelerated to relativistic energies at the 
turbulent boundary between the disk and the propelling 
magnetosphere; 

• relativistic electrons interact with the NS magnetic field 
lines producing synchrotron emission that explains (at 
least part of) the X-ray emission; 

• synchrotron photons are up-scattered by relativistic 
electrons, to explain the emission observed in the 
gamma-ray band. 

Here, we apply a similar model to the case of PSR 
J1023H-0038, restricting to a range of values of fastness rang¬ 
ing from 1.5 to 2.5, in order for the inner disk radius to be 
close enough to the corotation radius to let a fraction of mat¬ 
ter effectively accrete down to the NS surface, as observed. 


Md = Mns + Mej ■ ( 8 ) 

We define the fraction of mass ejected as 


_ Mej _ ^ _ Mns 

Md Md 


(9) 


Considering the reasoning developed in the previous sec¬ 
tion, we consider values kej > 0.95 for the case of PSR 
J1023H-0038. According to these definitions, the gravitational 
energy liberated by the mass in-fall is: 


Ee 


GMMd 

Rin 


-f GMMns 




( 10 ) 


We assume that the NS luminosity is given by efficient con¬ 
version of the in-falling gravitational energy, so that 


Lns 


GM Mns 




( 11 ) 


Eurthermore, we express the disk luminosity as a fraction rj of 
the energy radiated by an optically thick, geometrically thin 
disk: 


Ld 


= V 


GMMd 

‘^Rin 


( 12 ) 


The case of a radiatively efficient disk is realized for rj = 1. 
Eor values of r] lower than unity, we assume that the energy 
that is not radiated by the disk is partly advected, and partly 
made available to power the propeller emission. To express 
the latter, we introduce a parameter that will represent the 
fraction of gravitational energy liberated in the disk that can 
be used to power the propeller emission; for ^ = 0 no such 
energy is used, while for ^ = 1 — p, all the disk energy that 
is not radiated is converted into propeller luminosity. This 
implicitely means that we express 


Eadv — (1 V 


GMMd 

‘^Rin 


(13) 


Substituting the previous formulae in Eq. |7] we obtain an ex¬ 
pression for the energy that can be radiated from the disk- 
magnetospheric boundary: 


Vop = - \kejMdvl^f (14) 

Similarly, the conservation of angular momentum at the in¬ 
ner disk boundary yields: 


3.1. The energy budget 

Energy conservation dictates that the energy available to 
power the radiative emission from the disk (Ldisk), the in¬ 
ner disk boundary (Lprop) and the NS surface (Lns), as well 
as the kinetic energy of the outflow launched by a propelling 
NS (MejUojjj/2) and the energy converted in internal energy 
of the flow and advected (Eadv), should be equal to the sum of 
the gravitational energy liberated by the in-fall of matter Eg, 
and the energy released by the NS magnetosphere through the 
torque N applied at the inner disk radius: 

1 ■ n 

Lprop + Ld + Eadv + LnS + '^MejVaut — Eg + (7) 


MejRinVout = N MdLlKRm- (15) 

The left hand side represents the angular momentum imparted 
to eject matter, while on the right hand side the torque exerted 
by the NS magnetosphere and the angular momentum ad¬ 
vected by disk matter in Keplerian rotation appear. In order to 
expres s the velocity of the outflow Vout we follow lEksi et alJ 
(l2005h . who treated the interaction at the inner disk boundary 
as a collision of particles,obtaining: 

Vout = ^K{Rzn)Rzn[uJ*{l + - P], (16) 

where the elasticity parameter /3 has been introduced. The 
case of completely anelastic collision is given by ^ = 0, while 
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the totally elastic case is described by /3 = 1. Inserting the 
expression for the outflow velocity (Eq.fTSTl into Eas. fl4land 
and solving for Lprop and N gives: 


Lprop — 7-, 

-rC, 


GMMd r 1 + ^ 


— -\- k, 




(1 P) — (3] — —[LtJ=t:{l + /3) — /3]^ 

N = MdVGMR,^{kej[u:4l + 13) - P] - 1}. (17) 


If most of the in-flowing matter is ejected from the inner disk 
boundary {kej — 1), the equation for the propeller luminosity 
simplifies to; 


Vop = ^T7r^K + (w*-lf(l-/3")]- (18) 

It is immediate to note that if the energy advected in the disk is 
not available to power the propeller = 0) and the propeller 
collision is completely elastic (/3 = 1), all the available en¬ 
ergy goes into powering the kinetic energy of the outflow, and 
the propeller luminosity vanishes. On the other hand, if the 
collision is completely anelastic (/3 = 0), the outflow veloc¬ 
ity equals the velocity of the magnetosphere at the inner disk 
radius, and the propeller luminosity is maximized. In the fol¬ 
lowing we only consider the latter case. Using EqlUto relate 
the disk mass accretion rate to the inner disk radius, and Eq.|3] 
to express the latter in terms of the corotation radius and the 
fastness, we obtain for the parameters of PSR J1023H-0038: 

Lprop = 1.75 X 10^5 u;-3[^ + (a;, - 1)2(1 _ P^)] erg s'^. 

(19) 

This relation is plotted in Eig. |2]for /? = 0 and ^ equal to 0 
(i.e., no disk gravitational energy available to power the pro¬ 
peller emission, red solid line), and 0.15 (red dashed line). 
Green and blue lines in the same figure represent the cases 
kej = 0.99 and 0.95, respectively. Values of the propeller 
luminosity of few x 10^"^ erg s“^ are obtained for a fastness 

^ 1.5. 


3.2. The electron population 

Like in P14, we assume that at the inner disk boundary 
the propelling magnetosphere is able to accelerate electrons 
to relativistic energies. To simplify, the electron energy dis¬ 
tribution is assumed to be described by a power-law with an 
exponential cutoff; 


dNe 

dj 


Nqj “exp 



( 20 ) 


These electrons produce synchrotron emission by interacting 
with the magnetic field at the disk-magnetosphere interface; 




( 21 ) 


At high-energies the synchrotron emission is cut-off at 
Esyn — 10(73/10^G) (7mn,.T/10"^)^ Mc V while at low en- 
ergy is self-absorbed below a few eVs (see lPapitto et al.ll2014l 
and references therein). We further assume that the electron 
distribution lies in a region of volume V (giving an electron 
density rig = Nq/V), and up-scatters the synchrotron photons 
up to an energy Esse = ImaxrrieC^ ~ 5(7max/10'^) GeV, to 
give a self-synchrotron Compton (SSC) component. There¬ 
fore, in our model, the X-ray emission is given by the sum 



Fig. 2.— Propeller luminosity in the case of almost total ejection {kej = 
1), and ^ = 0 (i.e., no disk gravitational energy available to power the pro¬ 
peller emission, red solid line), and 0.15 (red dashed line). The green solid 
and dashed lines refer to the case kej = 0.99 evaluated for ^ = 0 and 0.15, 
respectively. The blue solid and dashed lines refer to the case kej = 0.95 
evaluated for ^ = 0 and 0.15, respectively. All the curves are plotted for a 
totally anelastic interaction {(3 = 0). 

of two components; the synchrotron emission powered by the 
propeller luminosity Lprop, and the X-rays produced by the 
accretion flow, either from the disk, the NS surface or a corona 
surrounding the system. On the other hand, the gamma-ray 
emission falling in the 0.1-10 GeV range could only arise as 
the SSC component of the propeller emission. 

The parameters of the electron distribution (a, ’jmax, fte) 
and the volume V of the region of acceleration can be then 
adjusted such that; 

(i) they model the gamma-ray emission as the self¬ 
synchrotron Compton component of the same electron pop¬ 
ulation that produces a good part of the X-ray emission; and 

(ii) for a fixed value of the fastness w*, they give a total 
propeller luminosity (i.e, the sum of synchrotron and self¬ 
synchrotron Compton contributions) that matches the value 
given above by Eq. [IT] 

As the X-ray emission is given by the sum of the contri¬ 
bution of the propeller and the accretion flow luminosity in 
that energy range, and no cut-off is observed from 0.5 to 
80 keV, we cannot disentangle the relative weight of these 
components. At low luminosities (< lO^'^-lO^^ erg s“^), 
the X-ray spectrum of the accretion flow onto compact ob¬ 
jects is generally dominated by a power law with index T be¬ 
tween 1.5 and 2.5, extending to high energies (> 100 keV ; 
see, e.g., [Reynolds et al.|| 2010l lArmas Padilla et aT1l2013ah . 
I Armas Padilla et al.ll2013bb ). A similar spectral shape is also 
observed for the pulsed emission of accreting millisecond pul¬ 
sars (see lPatruno & Wattil2012l and references therein). We 
then describe the contribution of the accretion flow in the X- 
ray band as a power-law with index T = 1.65, cut-off at an 
energy outside the observed energy band (we arbitrarily chose 
300 keV as an example), that summed to the synchrotron and 
SSC component gives an 0.3-79 keV X-ray flux equal to the 
one observed in that energy band. Then, we require that once 
the propeller contribution to the X-ray emission is fixed by our 
modelling of the gamma-rays, the accretion flow X-ray emis¬ 
sion does not exceed the observed emission. A lower limit 
on the contribution of the accretion flow to the X-ray flux is 
given by the pulsed flux amplitude, \/2ArmsLx — 6 x 10^2 
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erg s“^, while an upper limit to the accretion flow X-ray lumi¬ 
nosity is given by the total luminosity observed in that band 
(7.3 X 10^^ erg s“^). 

4. RESULTS 

To simulate the emission processes that take place in a 
magnetized environment filled by a relativi stic populatio n 
of electrons we used t he co d es described by iTonesI (|2003); 
Ide Cea del Pozo et al.l (l2009h : iMartfn et al.l (120121) . The cut¬ 
off observed at few GeVs in the Fermi-LAT energy band, re¬ 
quires a maximum electron energy of ^max = 10^- We also 
set the index of the electron distribution as a = 2. 

In order to have enough energy to power the propeller emis¬ 
sion necessary to explain the observed gamma-ray emission, 
we fixed the elasticty parameter to 0 (i.e., inelastic scattering), 
allowed for 15 per cent of the energy advected in the disk to be 
used to power the propeller emission (i.e. ^ = 0.15), and set 
kej = 0.99 (i.e. only 1 per cent of the disk mass is accreted 
onto the NS, while the rest is ejected). This gives a maximum 
propeller luminosity of > 2.5 x 10^''^ erg s“^ for value of the 
fastness between 1.5 and 2.5 (see Fig. |2l). We modelled the 
spectral energy distribution considering different values of the 
fastness in this range. 

As the co-rotation radius and the dipole magnetic moment 
of PSR J1023-I-0038 are measured; the inner disk radius, the 
strength of the magnetic held at the disk inner boundary, and 
the disk mass accretion rate are fixed by the choice of w* 
(see Eqs. [2 ET] and |4| respectively). For a given value of 
tu*, we then evaluate the electron density rie and the volume 
V of the acceleration region requested to describe the ob¬ 
served gamma-ray spectrum with the SSC component (which 
requires a luminosity of Lssc — 1-7 x 10^'^ erg s“^), and to 
give a total propeller luminosity equal to the value given by 
Eq.[T7]when Lssc is summed to the synchrotron component. 
The values of the parameters obtained for different values of 
w* are listed in Table 1, while the spectral energy distribution 
obtained for u!^, = 2.5 is plotted in Eig. 2, as an example. 
The X-ray luminosity attributed to the accretion flow, 
is evaluated as the difference between the luminosity observed 
in the 0.3-79 keV band (7.3 x 10^^ erg s“^) and the sum of 
the synchrotron and SSC luminosity falling in the same en¬ 
ergy band. 

Eor values of w* close to 1.5, the propeller luminosity is 
lower, and in order to explain the observed spectral energy 
distribution with our modelling, a large electron density and a 
very small volume of emission of the SSC component are re¬ 
quired, corresponding to a typical size of the emission region 
of Ri 0.05 km. Increasing u!^, a larger region with typical size 
of < 1 km is instead allowed. We discuss more on this below. 

We checked that the assumption that only 1 per cent of the 
disk mass is accreted is compatible with the parameters of 
our modelling, by evaluating the ratio between the NS mass 
accretion rate (constrained by using Eq. ID, and the values 
of the disk mass accretion rate listed in Table 1. Eor all the 
models listed in Table 1 this yielded values of kej ranging 
between 0.94 and 0.998, thus compatible with the assumed 
value of 0.99. 

The efficiency of conversion of gravitational energy into X- 
rays was estimated as rjx = L^er/^g- Plugging the param¬ 
eters of our models into Eq. 1101 we obtain values of the ef¬ 
ficiency ranging between r; 5 and 20 per cent, with larger 
efficiency values obtained for the models with the larger fast¬ 
ness. As the X-ray efficiency owing to the in-fall of matter 
onto the NS surface is unlikely much lower than one, we con- 



references therein) for a distance of 1.4 kpc. The model of the XSS J12270- 
4859 SED, obtained for ^ = 0.15, fcej = 0.99 and oj* = 2.5 (see Table[T) 
is plotted as a black solid line. 

elude that the accretion disk efficiency must be lower than 20 
per cent (note that according to our definitions, theefflciency 
of a geometrically thin, optically thick disk that emits all of is 
energy in X-rays is p = 0.5). 

4.1. A comparison with XSS J12270-4859 

The generic idea behind the model used here to interpret 
the emission observed from PSR J1023-1-0038 in the sub- 
luminous disk state has been previously successfully applied 
to the emission of XSS J12270-4859 in the same state (P14). 
Flowever, in that paper it was assumed that all the gravita¬ 
tional energy gave off by the matter in-flow was available to 
power the propeller emission and outflow, and consequently, 
the interplay between the disk and the propeller luminosities 
was not explored as done above. Considering the formalism 
developed in Sec. 3, that assumption corresponds to the case 
p = 0 and ^ = 1. This case is extreme and probably unlikely, 
since it would require an X-ray dark accretion flow. 

However, the similarities between the average SED ob¬ 
served from these two sources, and the results obtained in 
the case of PSR J1023-I-0038 (see Sec. 4), indicate that a 
our modelling works also in the case of XSS J12270-4859. 
This is emphasized in Pig. E] where the high energy SED 
of XSS J12270-4859 is overplotted as a yellow stripe to the 
SED of PSR J1023-I-0038. A distance of 1.4 kpc was consid¬ 
ered, equal to the value indicated by t he dispers i on me asure 
of the radio pulsed signal observed by iRov et akl (12015h . and 
at the lower bound of t he 1.4-3.6 kpc range determined by 
iDe Martino et al.l (l2013h . 

The spin period of XSS J12270-4859 is very similar to that 
of PSR J1023H-0038 (P = 1.69 ms), and the magnetic mo¬ 
ment can be estimated as p,26 = 1-13 Tt /^ (1 + sin ^ G 

cm^ from the observed spin down rate dRov et al.ll2015h . We 
modelled the SED of XSS J12270-4859 using similar param¬ 
eters than those used for PSR J1023-)-0038, and w* = 2.5 (see 
Table 1), obtaining the model plotted as a black solid line in 

Fig. El 

5. DISCUSSION 

Prom a theoretical point of view, three possibilities are open 
to explain the complex phenomenology of PSR J1023-)-0038 
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TABLE 1 

Model parameters used to model the SED of PSR J1023+0038 and XSS J12270-4859. 


5 fcej (km) S(MG) M Lprop rie (10^® cm ®) V (10^® cm®) I/ssc/isync L^ccr V^ccr 


PSRJ1023+0038 


0.15 

0.99 

1.50 

31.2 

2.6 

2.7 

1.96 

54 

6 x 10”^ 

5.0 

0.65 

0.06 

0.15 

0.99 

1.75 

34.6 

1.9 

1.9 

2.23 

10 

0.01 

2.8 

0.59 

0.08 

0.15 

0.99 

2.00 

37.8 

1.5 

1.4 

2.43 

5.0 

0.04 

2.4 

0.55 

0.11 

0.15 

0.99 

2.25 

40.9 

1.15 

1.1 

2.56 

2.1 

0.19 

2.04 

0.51 

0.14 

0.15 

0.99 

2.50 

43.8 

0.94 

0.8 

2.62 

1.3 

0.50 

1.9 

0.48 

0.17 

XSS J12270-4859 

0.15 

0.99 

2.50 

43.8 

1.34 

2.4 

2.62 

1.7 

0.21 

2.2 

0.55 

0.08 


Note. — Input parameters are listed in the leftmost three columns. Physical quantities obtained using the analytical relations given 
in text, are listed in columns 4-8. Parameters estimated from the modelling of the observed SED are given in the five rightmost columns. 
Luminosities are given in units of 10®“^ erg s“®, while the mass in-flow rate is expressed in units of 10“®® Mq yr“®. 


(and possibly other transitional pulsars) in the sub-luminous 
disk state; a rotation-powered pulsar, accretion onto the NS 
surface, and a propeller regime. In the following we dis¬ 
cuss these possibilities on the basis of the phenomenology 
observed. 

5.1. Rotation-powered pulsar scenario 

IStappers et al.l(l2014l).lTakata et af] (120141) . ICoti Zelati et alJ 
(l20!¥ and lLi et alJ (120141) discuss^ the phenomenology ob¬ 
served from PSR J1023-1-0038 in terms of a rotation-powered 
pulsar active even in the presence of an accretion disk, the 
radio coherent pulsation being washed out by the enshroud¬ 
ing of the system by intra-binary material. According to these 
models, the relativistic wind of particles emitted by the pulsar 
in this state is responsib le f or the emitted gamma-ra ys. 

IStappers et al.l (120141) and ICoti Zelati et Si (120141) proposed 
that the shock between the pulsar wind of particles and the 
mass in-flow would be the most likely region where the 
gamma-ray emission is generated, as this would explain the 
correlation between the observed increase of the gamma-ray 
emission and the formation of a disk in the system . On 
the other hand. iTakata et al.l (1201 4h and lLi et'dl (1201 4ft inter¬ 
preted the gamma-ray emission observed in the sub-luminous 
disk state through inverse Compton scattering of UV disk 
photons off the cold pulsar wind. Furthermore they assumed 
that the X-rays were due to synchrotron emission taking place 
in the shock between the pulsar wind and the plasma in-flow. 
Such a shock would be expected to be stronger in the sublu- 
minous disk state than in the pulsar state, as a larger fraction 
of the pulsar wind would be intercepted, thus yielding the in¬ 
creased X-ray emission observed. 

These ideas are similar to those used for gamma-ray 
binaries such as LS 5039 or LS I -(-61 303, where 
also wind and inter-wind shocks are studi ed as possi¬ 
ble providers of accelerated electr ons (e.g., iDubusI 120061 : 
ISierpowska-Bartosik & Torresll200ljl . 

The main problematic aspect in applying any rotation- 
powered scenario to the sub-luminous disk state of PSR 
J1023-(-0038 is the observation of coherent X-ray pulsations 
with an rms amplitude of ~ 6 per cent during the accretion 
disk state. Even if X-ray pulsations were observed also dur¬ 
ing the rotation-powered state, the p ulsed 0.5-10 keV X-ra y 
luminosity was 1.2 x 10^^ erg s“® (lArchibald et alJl2M^ . 
roughly one order of magnitude lower than the pulsed lu- 
minosity observed dur ing the disk state, 2.5 x 10^^ erg s“® 
(lArchibald et alJ l2014ft . Synchronous switching of the ra¬ 


dio and X-ray pulsations properties has been observed from 
rotation-powered pulsars, and interpreted as due to global 
chang es of the magnetospheric conditions (iHermsen et alJ 
l2013h . However, to interpret the X-ray pulsations ob¬ 
served from PSR J1023-(-0038 in the disk state as rotation- 
powered, one should admit that when a disk is present the 
pulsed flux increases by more than one order of magni¬ 
tude with respect to the case of an unperturbed magneto¬ 
sphere. This is contrary to the expectation that high-density 
plasma from the accretion process shorts out the electric fields 
which power the electron/positron acceleration in the vac- 
uum gaps, switching off rota tion-powered pulsations (see, e.g. 
Illlarionov & Sunvaevll 1975ft . We consider such a scenario as 
highly unlikely. Furthermore, the X-ray pulsations observed 
from PSR J1023H-0038 during the disk stat e are sinusoidal 
and h ave a non-thermal energy distribution (lArchibald et alJ 
12014ft . whereas non-thermal X-ray pulsations observe d from 
rotati on-powered pulsars are typically narrow peaked (IZavlinI 
1200 ^ . 

In addition to X-ray pulsation, the high conversion effi¬ 
ciency of the spin down power required to explain the ob¬ 
served radiation also disfavors a rotation-powered scenario. 
If a radio-pulsar is switched on, the spin-down power of 
4.4 X 10^^ erg s“^ is the dominant source of energy for the 
system; as a matter of fact, for the radio-pulsar to be active 
the inner disk radius must lie beyond the light-cylinder radius 
Ric (80.6 km in the case of PSR J1023-(-0038), and in such 
a case, the implied mass in-flow rate of less than 10“^^ 
Mq yr“® (see Eq. HI would yield an accretion luminosity 
of < 10^^ erg s“®. The sum of the average luminosity ob¬ 
served from PSR J1023H-0038 in the 0.3-79 keV and 0.1- 
100 GeV energy bands amounts to ~ 1.7 x 10^^ erg s“®, 
a value that implies a spin-down power conversion efficiency 
of > 40%. A similar value is already larger than the the val¬ 
ues observe d from rotation-powered pulsars, whi ch typically 
conv ert 0.1 (iPossenti et aljr2002l : IVink et alJl2011ft and 10 per 
cent (lAbdo et al.ll2013ft of their spin down power into observ¬ 
able X-rays and gamma-rays, respectively. In addition, if one 
considers that the spectral energy distribution is most likely 
flat (or even peaks) in the 1-10 MeV energy range where 
observations lacks (s ee Fig. [T]of this paper, and Fig. 18 of 
iTendulkar et al.ll^l4ft . the total power obtained modelling the 
SED with two smooth components easily attains a value of the 
order of the spin down power or larger (indeed, the power of 
most of the models listed in Table 1 exceeds such a thresh¬ 
old). Note that a total luminosity significantly exceeding the 
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spin down power would directly exclude a rotation-powered 
scenario. 

Furthermore, the strong flickering observed in X-rays 
makes the case for the spin-down power being the lone source 
of energy even more unlikely. The peak obser ved X-ray lu¬ 
mino s ity is of the order of 2 x 10®^ erg s“^ (iPatruno et alJ 
1201 4t iTendulkar et al.ll2014^ . i.e. roughly 40 per cent of the 
spin down power, alone. No information is available about 
the correlation between the X-ray and the gamma-ray lumi¬ 
nosity on short time-scales, but it is clear that unless they are 
strictly anti-correlated, this likely implies the limit set by the 
spin down power to be exceeded at the peak of flares. Further¬ 
more, the power emitted through synchrotron emission only 
depends on the acceleration efficiency, the solid angle under 
which the shock is se en by the isotropic pul sar wind, and the 
bow-shock geometry (lArons & Tavanil[T993h . It seems highly 
unlikely that these may produce the variability of the X-ray 
emission by up to two orders of magnitude observed over 
time-scales of few tens of seconds from PSR J1023H-0038. 

5.2. Accreting NS scenario 

The most immediate interpretation of the coherent X-ray 
pulsations observed from PSR J1023H-0038 is then in terms 
of accretion of at least part of the disk in-flow close to the 
NS magnetic poles. However, in Sec. 0 we already showed 
that assuming that the observed average X-ray luminosity Lx 
is entirely due to accretion onto the NS surface, the implied 
mass accretion rate onto the NS surface is Mxs < 6 x 10“^^ 
Mq yr“^ (see Eq. |5ll. According to Eq. |4] and considering 
the value of the dipole magnetic moment of PSR J1023H-0038 
measured from the spin down rate, at such a mass accretion 
rate the disk would be truncated beyond the light-cylinder 
radius. Such a large value clearly violates the criterion for 
accretion onto the NS surface to proceed. In order to keep 
the accretion disk radius closer to the co-rotation radius, we 
thus had to assume that the disk mass accretion rate was much 
larger than the rate at which mass is effectively accreted onto 
the NS, and that the excess disk mass is ejected by the system. 

In addition, the simultaneous observation of a bright 
gamma-ray emission would be unexplained by a fully- 
accreting scenario, considering that the transitonal pulsars 
PSR J1023H-0038 and XSS J12270-4859 are the only LMXB 
from which a Eermi gamma-ray counterpart could be securely 
identified among a population of > 200 known accreting 
LMXB, and this is unlikely to be the result of a selection 
effect. The 5-cr sensiti vity flux level above 100 MeV of the 
3EGL Eermi catalogue (iThe Eermi-LAT Collaborationll2015h 
for sources at high (low) galactic latitud^^is in fact 2 x 10“® 
cm“^ s“^ (10“® cm“^ s“^), assuming a power-law spectrum 
with index equal to 2. This corresponds to ~ 1.5 x 10“^^ erg 
cm“^ s“^ (~ 7.5 X 10“^^ erg cm“^ s“^). A steady 0.1-100 
GeV flux like the one observed from PSR J1023H-0038 in the 
sub-luminous disk state, F = (4.6 ± 0.6) x 10“^^ erg cm“^ 
s“^ (see lTakata et al.ll20l4 and Sec.|2]i, would have been ob¬ 
served by Eermi/LAT up to ~ 7 kpc (3.3 kpc if the source 
were at a lower latitude). On the other hand, a high-latitude 
low-mass X-ray binary like Cen X-4 is instead located at a 
similar distance than PSR J1023H-0038, 1.2 kpc, and would 
haven then been easily seen by Eermi/LAT, while it has not 
been detected so far. 


5.3. Propeller scenario 

A scenario based on a propelling NS with an accretion rate 
of few X 10“^^ Mq yr“^ naturally reproduces the bolomet- 
ric luminosity between few xlO^^ erg s“^, observed from 
transitional pulsars like PSR J1023H-0038 and XSS J12270- 
4859 in the disk s ub-luminous state (see Pig. 1 of this pa¬ 
per, and Pig. 2 of ICampana et al.lll998ah . We showed that 
we could reproduce the gamma-ray part of the SED as due 
to self-synchrotron Compton emission originated at the tur¬ 
bulent boundary between a propelling magnetosphere and the 
disk in-flow, assuming that there is a region where electrons 
can be accelerated to relativistic energies. The X-ray emission 
is instead due by the sum of synchrotron emission originated 
from the same region, and by the luminosity emitted by the 
accretion flow. Por the accretion flow luminosity not to ex¬ 
ceed the observed X-ray luminosity, an X-ray disk radiative 
efficiency of less than 20 per cent is requested. 

The observed SED was reproduced by our modelling con¬ 
sidering values of the fastness between 1.5 and 2.5, and as¬ 
suming that 99 per cent of the disk flow is ejected by the NS, 
and that 15 per cent of the gravitational energy advected in the 
disk is available to power the propeller radiative emission. Por 
the considered values of the fastness, the disk-magnetospheric 
boundary is highly magnetized (rs 10® G; resulting from the 
dipolar contribution from the pulsar) to produce a synchrotron 
emission cut-off at energies of about 1-10 MeV. If the ac¬ 
celeration region is small enough it can then give a sizable 
SSC contribution, enough to explain she observed gamma-ray 
emission. Our modelling indicates that a region with a volume 
of V < 10^® cm® is needed, corresponding to a sphere of ra¬ 
dius equal to < 1 km. Such a relatively small size could be 
attained if the acceleration process takes place, e.g., in fila¬ 
ments along the magnetic field lines at localized spots of the 
disk-magnetospheric boundary. As the volume of the emit¬ 
ting region decreases with decreasing w*, we find the higher 
values of w* considered in this work (i.e. between 2 and 2.5) 
more likely. Por similar valu es of w*, 3D MHD simulations 
performed by (iLii et al.l2014ft showed that accretion and ejec¬ 
tion of matter can coexist, with most of the matter being flung 
out by the fast rotating magnetosphere. 

The impossibility of observationally separating contribu¬ 
tions of the accretion flow and the propeller just at the X- 
ray domain, is however partially limiting the model testing. 
This gives a larger phase space of plausible parameters for 
the accretion flow component, which can accommodate sev¬ 
eral different values of the fastness (see Table 1). This trans¬ 
lates into a range of possible mass in-flow rate, between 1 and 
3x 10“®® Mq yr“®. It is also true that the more direct, testable 
model predictions happen in a range of energies with no sen¬ 
sitive coverage (at the tens of MeV regime), or at timescales 
for which Eermi-LAT is not enough sensitive to track them 
(e.g., searches for correlation of gamma-ray and X-ray fluxes 
at the 100 s timescales cannot proceed). We also note that 
this model predicts no detectable TeV counterparts, what can 
be proven by extrapolating the predicted (or fitted) gamma- 
ray spectra to this domain and c omparing with sen sitivities of 
current or foreseen instruments (lActis et al.ll2012h . 

A Eermi process is a possible mechanism to accelerate elec¬ 
trons in the magnetized, shocked environment expected at the 
boundary between the disk and a p r opelling magnetosp here 
(iBednarekI 120091 : [Torres et aH 120121 iPanitto et al.ll2012l) . In 


P14. we assumed that a first-order process injected energy in 

^ see http://www.slac.Stanford.edu/exp/glast/groups/canda/lat_Performance.htm 
for a plot of the sensitivity attained in four years. 

























9 


the electron distribution at a rate: 

lace = 1-4 X lO'^^o.oi Be erg s“\ (22) 

where ^o.oi is the acceleration parameter in units of 0.01, and 
Be is the strength of the magnetic field at the interface B, in 
units of 10® G. In P14 we showed that the most efficient radia¬ 
tive processes at the boundary between an accretion disk and 
the propelling magnetosphere of a ms pulsar are synchrotron 
interaction of the accelerated electrons with the NS field lines, 
and Compton up-scattering of the synchrotron photons by the 
same population of relativistic charges. Synchrotron losses 
proceed at a rate: 

Isyn = 1.1 X 10® Bl 74 erg s"®, (23) 

where 74 is the maximum electron energy 7max in units of 
10^, while we assume SSC losses to be Issc = if — l)lsyn, 
where / is implicitely defined as the ratio between the to¬ 
tal luminosity (Igyn + Issc) nnd the synchrotron luminosity 
isyn- Equating these radiative losses to the energy input of 
the Fermi process of electron acceleration (Eq. l2^ yields the 
maximum electron energy : 

Jma. = 8.2 X 10® edm Be^^\ (24) 

where /2 is the ratio between the total (synchrotron-tSSC) and 
the synchrotron luminosity /, in units of 2. The observed 
high-energy cut-off of the observed spectral energy distribu¬ 
tion indicates 'ymax = 10^, and the values of / and B of our 
modelling (see Table 1) indicates that the previous relation is 
satisfied for an acceleration paramater ^ ranging from 0.03 to 
0 . 1 . 

Reconnection of magnetic lines twisted in the turbulent re¬ 
gion could also provide accelerated particles. Such possibil- 
ities in the case of a whit e dwarf propeller was studied by 
iMeinties & de .lage^ (120001) for the case of AE Aqr. 

According to our model, a relatively strong magnetic torque 
is needed to power a propeller emission of ~ 2.5 x 10®^ erg 
s“^, i.e. of the order of that observed in X-rays and gamma- 
rays from a system like PSR J1023-I-0038 in the sub-luminous 
disk state. For w* = 2.5, the torque expressed by Eg.ITTlcor- 
responds to an expected spin-down rate, ly = Nmag/‘^'^I — 
—4 X 10“®® Hz/s, where a NS moment of inertia I = 10"®® 
g cm^ was assumed. Lower values of the fastness give a 
larger expected spin down rate. If the system is in a propeller 
state, a i> larger by more than a factor of 2 with respect to 
that observed when the system is observed as a radio pulsar 
{i'dip = —1.9 X 10“®® Hz s“®, Archibald et al. 2013), is then 
expected. The spin evolution during the disk state can be esti¬ 
mated by following the variations of the spin frequency mea¬ 
sured from X-ray pulsations emitted in such a state, and/or by 
a comparison with the frequency of radio pulsations that will 
be observed when the rotation-powered pulsar will be back 
on. Such a measure will then will then allow us to estimate 
the torque acting onto the NS, and test our assumption that the 
system lies in a propeller state when it has a disk. 

The variability of the X-ray emission over time-scales of 
few tens of seconds is a characteristic feature of millisecond 
pulsars in the disk sub-luminous state. In the context of the 
propeller model we propose, it can be attributed to variations 
of the mass-inflow rate (see Eq.fTTIi. and the related response 
of the fastness and of the location of the inner disk radius 
(Eq.gli. The observed variability time-scales are indeed com¬ 
patible with the viscous ti me-scales in the inn er parts of an 
accretion disk, as noted bv iPatruno et al.ll20l4 However, the 


lack of information on the possible correlation between X- 
ray and gamma-ray emission on time-scales of few hundreds 
of seconds prevents us to model th e variability of the S EP, 
as it was done for th e average SEP. iLinares et al] (I2014^ and 
iPatruno et al.l (12014h argued that at the lowest X-ray luminos¬ 
ity observed in the case of M28I and PSR J1023-)-0038, re¬ 
spectively, Lx ~ 5 X 10®^ erg s“®, the inner disk radius could 
expand beyond the co-rotation surface and a radio pulsar turn 
on. Even in this case, the same considerations based on the 
energy budget made in Sec. 5.2 suggest us to exclude a sce¬ 
nario in which the observed gamma-rays owe only to intervals 
during which a rotatio n-powered pulsar would be turned on. 
iTenduIkar et al.l (1201 4ft showed that PSR J1023-)-0038 spends 
less than 25 per cent of the time in the low/dipping state; if 
gamma-rays are only produced in this state a 0.1-100 GeV lu¬ 
minosity equal to four times the observed one (i.e., Ri 4 x 10®^ 
erg s“®) would be implied. This would require conversion ef¬ 
ficiency of spin down power into gamma-rays of 90 per cent, 
not taking into account the emission not falling into the EAT 
energy band. 

Also the bright, flat-spectrum radio emission observed 
from transitiona l ms pulsars in the sub-luminous disk state 
(iHill et al.ll201 ll iDeller et'aH 1201 4ft can be taken as an indi¬ 
cation of synchrotron emission originating from an outflow 
from the system. As we already noted in P14, the properties 
of the emitting region where we assumed that the high-energy 
emission originate are such that synchrotron emission would 
be self-absorbed. The observed radio emission should then be 
produced by a wider, optically thinner region such as a com¬ 
pact jet. 

The necessity that a pulsar in a LMXB passes through 
a propeller regime when the mass ac cretion rate decreases 
was a lready identified since decades (llllarionov & SunvaevI 
1 1975ft. and reproduced by m agneto-hydrodynamical simula¬ 
tion (iRomanova et al.l (201 4 and references therein). How¬ 
ever, observational evidences have been few and indirect, 
among which the rapid decrease of th e X-ray emission at the 
end o f X-ray outbursts of Aql X-1 (ICamnana et akl 0*9981)1 
12014ft . accompanied by a hardening of the X-ray spectral 
shape (IZhang et al.lll998ft . is probably the most remarkable. 
Transitional ms pulsars demonstrated to be exceptional labo¬ 
ratories to study not only the evolutionary link between radio 
and X-ray millisecond pulsars, but also the centrifugal inhibi¬ 
tion of accretion. During its 2013 outburst IGR J18245-2452 
showed m arked flux and spectr al variability that were inter¬ 
preted by iFerrigno et al.l (l2014ft as due to the onset of pro¬ 
peller reduction of the mass in-flow. Furthermore, we showed 
how the sub-luminous disk state of PSR J1023-)-0038 can be 
naturally interpreted with a propeller scenario, similar to the 
case of XSS J12270-4859 (IPapitto et all 12014 . Future ob¬ 
servations will be fundamental to detect direct evidences of 
out-flowing plasma, such as spectral lines and a possible cor¬ 
relation between the radio and X-ray emission. Also, they 
will be used to extend the knowledge of the SED and possi¬ 
bly detect an excess of emission with respect to the spin-down 
power, which would rule out a rotation-powered pulsar inter¬ 
pretation. 
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